Production of strange hadrons in elementary and heavy-ion reactions is studied with the hadronic transport approach SMASH (Simulating Many Accelerated Strongly-interacting Hadrons). The poorly known branching ratios of the relevant hadronic resonances are constrained from the known elementary hadronic cross sections and from invariant mass spectra of dileptons. The constrained model is employed as a baseline to compare to heavy-ion-collision experiments at low energies (E kin = 1 − 2A GeV) and to predict some of the upcoming pion-beam results by HADES, which are expected to be sensitive to the resonance properties. The employed vacuum-resonance approach proves to be viable for small systems at these energies, but for large systems additional in-medium effects might be required.
I. INTRODUCTION
Strange quarks produced in heavy-ion collisions are an interesting probe for studying the evolution of the collisions. Since they do not exist in ordinary nuclear matter, they have to be newly created during the reaction. Their mass is higher than for up and down quarks and their production mechanism is sensitive to the properties of strongly-interacting matter. The partonic and hadronic production channels are very different and may serve as a signal of the onset of deconfinement and the quarkgluon plasma, see [1] for a recent overview. Low-energy heavy-ion reactions are usually dominated by hadronic dynamics, but strangeness is enhanced compared to elementary proton-proton collisions [2] due to possible secondary reactions. Recently, the High-Acceptance DiElectron Spectrometer (HADES) collaboration measured surprisingly high φ and Ξ multiplicities at energies below the threshold [3, 4] . Between the threshold and √ s = 10A GeV, the mechanisms of strangeness production in the medium produced in heavy-ion collisions are not well understood, which leads to many open questions:
Do we need kaon-nucleon and antikaon-nucleon potentials? How important are in-medium cross sections? What are the production mechanisms in equilibrium and out of equilibrium? Is the thermal model applicable or are transport models with resonances more appropriate?
Future experiments, such as Facility for Antiproton and Ion Research (FAIR) [5] , Nuclotron-based Ion Collider (NICA) [6] , Japan Proton Accelerator Research Complex (J-PARC) [7] and the Relativistic Heavy-Ion Collider (RHIC) Beam Energy Scan [8] , will be essential to answer these questions. In particular, the Compressed Baryonic Matter (CBM) experiment at FAIR will provide unique measurements of rare strange particles with high luminosities and precision.
In the past, hadronic transport approaches such as IQMD [9] , UrQMD [10] , HSD [11] , JAM [12] and GiBUU [13] have been successfully employed for modeling the non-equilibrium hadronic phase in heavy-ion collisions at low Schwerionen-Synchrotron (SIS) and high RHIC or Large Hadron Collider (LHC) energies as well as in hybrid approaches. For a recent, general comparison of such approaches, see [14] . There are different ideas that describe the data for strangeness production equally well. On the one hand, GiBUU [15] , IQMD and HSD [16] employ kaon-nucleon and antikaon-nucleon potentials to describe the strangeness production at SIS energies. On the other hand, the UrQMD approach includes high-mass nucleon resonances for strangeness production [17] as well as strangeness exchange reactions [18] to do the same. A third approach has been studied with GiBUU, which was extended with Hagedorn states [19] .
In general, it is not clear how the intermediate energy ranges targeted by future experiments (that is, √ s = 5−20A GeV) can be described theoretically. There are attempts to adapt hybrid approaches employed successfully at higher energies to finite baryo-chemical potential [20] [21] [22] . Alternatively, the recently introduced hadronic transport approach SMASH [23] (Simulating Many Accelerated Strongly-interacting Hadrons) incorporates the newest available experimental data to establish a baseline at low energies that can be extended with additional physics required by intermediate energies. SMASH has been tested against an analytic solution of the Boltzmann equation [24] , utilized to model dilepton production at SIS energies [25] and to compute the viscosity of a hadron gas [26] . In this work, a comprehensive study of exclusive elementary cross sections for strangeness production is performed to constrain the resonance properties in SMASH. This approach is complementary to introducing kaon-nucleon and antikaonnucleon potentials, which are so far not included in SMASH. The result is confronted with experimental data from heavy-ion experiments.
As a newly developed hadronic transport approach, SMASH profits from the experiences of the approaches developed during the last three decades and the new experimental data constraining the resonance properties at low energies [27, 28] .
Within SMASH, 106 hadron species (not counting charge and antiparticles) are considered, so there are ≈ 10000 types of possible 2-body collisions, each of which can have several possible final states. For most of these reactions, the energy-dependent cross sections have not been measured. Modeling this multitude of cross sections is one of the challenges a microscopic transport code has to face. In SMASH, most of them are implemented via resonances: Using the ansatz for the partial width proposed by Manley and Saleski [29] (but with different parameters), and assuming detailed balance, the 1 ↔ 2 cross section can be calculated from resonance masses, total decay widths and branching ratios. Some cross sections are not resonant and have to be parametrized (see [23] and Section III). The advantage of this approach is that all these vacuum quantities can in principle be measured in experiment. On the other hand, this results in a model with 1000s of parameters.
First, the model is described in Section II. To minimize the risk of overfitting, we consider the available data on elementary cross sections and branching ratios to constrain the resonance properties within SMASH relevant for strangeness production in Section III. In Section IV, SMASH is compared to independent experimental data on strangeness production in heavy-ion collisions measured by KaoS (Kaon Spectrometer) and HADES. Finally, the results are summarized and put into the context of future work in Section V. A few technical details of the antikaon-nucleon (Appendix A) and kaon-nucleon cross sections (Appendices B and C) are given in the appendices.
II. MODEL DESCRIPTION
For all calculations in this work, SMASH 1.3 was used. A detailed model description can be found in [23] . In the following, we focus on the new features and the properties relevant to strangeness production.
Collisions in SMASH are governed by the geometric collision criterion: Particles interact when their transverse distance d trans is smaller than their interaction radius d int ,
Only 2 ↔ 1 reactions (resonance formation and decay) and 2 ↔ 2 reactions are possible. In-medium effects (besides the naturally occurring collisional broadening) are neglected and isospin symmetry is assumed. The cross sections for the different charge states are calculated via the isospin Clebsch-Gordan coefficients.
In SMASH, a test particle ansatz and non-resonant cross section parametrizations similar to GiBUU are employed, while the resonant cross sections are derived from resonance properties akin to UrQMD. The latter include the major contributions to strangeness production. Offshell propagation is not taken into account, unlike in GiBUU and HSD. A lot of effort is put into providing a flexible, modern Open Source code that can be adapted as a baseline for hadronic systems where densities are low enough that vacuum values can be assumed for the cross sections, pole masses and widths of resonances. To ensure that ongoing development does not cause regressions in describing experimental data, a large test suite is regularly employed. This includes for example very extensive tests verifying that detailed balance is maintained for all reactions, which is important for infinite matter calculations.
The branching ratios of the decay channels of the resonances govern most of the cross sections in SMASH, so they are a crucial input for the model. They can be extracted from experimental data via a partial wave analysis. A collection of these branching ratios is provided by the Particle Data Group (PDG) [28] . Unfortunately, the experimental data is sometimes rather sparse, especially for heavy resonances above 2 GeV. The experimental data on exclusive cross sections provides a remedy as shown in Section III.
In Section II A, the new resonances that have been added to SMASH since the previous publication [23] are presented. This includes the hyperon resonances that are used to model strangeness production in SMASH. Their and all other branching ratios relevant for strangeness production are discussed in detail in Sections III A to III C, where it is shown how elementary cross section measurements provide a constraint complementary to the PDG data and dilepton spectra. Employing resonances to model the cross section is limited in energy, because the heaviest known resonances have masses of about 2 GeV. Due to these limitation, only SIS energies (E kin = 1 − 2A GeV) are considered in this work. For higher energies, a different approach is required. In SMASH, the high-energy cross sections are implemented via string fragmentation and an additive quark model, but these processes have been switched off for the current work.
A. New resonances in SMASH
Most of the resonance properties in SMASH are based on the data provided by the PDG [28] , as has been discussed in great detail in [23] . In the current version employed for this work, a lot of resonances have been added:
• Almost all mesons "regarded as established" by the PDG that are made of up, down and strange quarks:
• New hyperon resonances for Λ * , Σ * , Ξ * and Ω * . Table I lists the individual hadron species that are implemented. As described in [23] , each resonance contributes to the cross section of its decay products. The pole masses of a 0 (980), f 0 (1500) and K * 0 (1430) were increased slightly, well within experimental uncertainty, due to the following technical problem: In SMASH, the Manley-Saleski ansatz is employed for the mass-dependent width of a resonance R decaying into children a and b:
m a and m b are the masses of particles a and b, A a and A b are their spectral functions. B L are the Blatt-Weisskopf functions depending on orbital angular momentum L and the interaction radius R = 1 fm. F ab is a form factor only relevant for unstable children. p f is the final-state momentum in the center-of-mass frame. It is undefined if the (stable) children are heavier than the resonance at its pole (m 0 < m a + m b ). Normalizing by a mass that is high enough would eliminate this issue, but this is not feasible, because only the particle properties at the pole are given in the experimental data. Fortunately, this is rarely a problem and only affects the three resonances mentioned above. [28] for the definition). N * and ∆ * have been left out, because they did not change compared to the previous publication; see [23] . The corresponding antiparticles carry a minus sign and have identical properties. 
III. ELEMENTARY STRANGENESS PRODUCTION
Let us focus now on the mechanisms to produce strangeness in SMASH at SIS energies. The goal is to establish a hadronic vacuum baseline calculation that is extendable to larger systems and intermediate energies.
In low-energy heavy-ion collisions, kaons are produced from collisions of nucleons N ∈ {p, n} via decays of nucleon resonances B * ∈ {N * , ∆ * } into hyperons Y ∈ {Λ, Σ} and kaons K ∈ {K + , K 0 }:
The decay into hyperons cannot produce antikaonsK ∈ {K − ,K 0 }, because there are no initial antinucleon collisions producing antihyperons. A possible reaction chain involves strangeness exchange between pions π ∈ {π + , π 0 , π − } and hyperons:
Compared to Eq. (4), this reaction requires an additional pion-hyperon collision that forms a resonance decaying into an antikaon and a nucleon. This is less likely, resulting in a significantly lower antikaon than kaon production in nucleus-nucleus collisions in the resonance picture. Indeed, measurements by KaoS and HADES show that there are two orders of magnitudes lessK − than K + in heavy-ion collisions at low energies [3, 30, 31] .
Another important channel for antikaon production proceeds via φ decays:
However, φ production from N * decays has not been measured in experiment, suggesting the branching ratio is small.
In the following subsections, we look at each of these three contributions (Eqs. (4) to (6)) in detail and show how the properties of the relevant resonances are constrained by the available experimental data.
A. Nucleon resonances
In heavy-ion collisions in SMASH, nucleon resonances are responsible for the hyperon production. Therefore, let us take a close look at the experimental data constraining Λ and Σ production.
When simulating heavy-ion collisions with SMASH, Λ baryons are mostly produced via the formation and decay of N * resonances (N N → N N * → N ΛK). The N * → ΛK branching ratios are constrained by PDG data [28] and a recent HADES partial wave analysis [32] , see Table II . However, the data still leaves a lot of leeway to choose branching ratios. It is helpful to consider measurements of elementary cross sections, because they are very sensitive to branching ratios and there exists a wealth of experimental data [33] [34] [35] [36] [37] [38] [39] [40] .
By comparing the contributions of the different resonances to the different (exclusive) cross sections, the branching ratios are tuned to fit the experimental data better. Increasing the N * → ΛK branching ratio increases the pp → ΛpK + and pπ − → ΛK 0 cross section. Describing both cross sections simultaneously is challenging: A good fit to the pp → ΛpK + cross section can lead to underestimating the pπ − → ΛK 0 cross section. However, varying the N * → πN branching ratios within the experimental errors margins only affects the latter cross section, resulting in a good simultaneous fit that is compatible to the other observables on pion production.
To reconstruct the elementary cross section from SMASH output, the elementary collisions are simulated many times with a random impact parameter. The results are utilized to determine the maximal impact parameter b max , which directly gives the corresponding geometrical cross section σ = πb 2 max . Exclusive cross sections σ excl are computed from the ratio of the number of exclusive reactions N reac,excl and inclusive reactions N reac,incl :
The cross sections of both the Λ production channels pp → ΛpK + and pπ − → ΛK 0 are compared to experimental data from [33] [34] [35] [36] [37] [38] [39] [40] in Figs. 1 and 2 , respectively. Additionally, the contributions of the different resonances are shown. It can be seen how the intermediate N * states add up to the Λ production cross section. The threshold is well reproduced in both figures, but at √ s > 3.3 GeV the pp → ΛpK + cross section is slightly overestimated while the pπ − → ΛK 0 cross section is slightly underestimated at √ s ≈ 1.75 GeV. In the present resonance approach, this cannot be alleviated without deviating significantly from the PDG branching ratios. Assuming non-resonant contributions to the pp → ΛpK + cross section would relax the tension, but also introduce additional model parameters.
Analogously to Λ production, the branching ratios for Σ production are constrained by the PDG data. Again, there is a lot of leeway, but because of the different possible charges there are more measurements of elementary cross sections [34, 35, 37, [40] [41] [42] constraining the branch- [28] . The error of including them in the partial wave analysis or not is reflected in the errors provided by HADES. N (1990), N (2080), N (2220) and N (2250) were introduced to better reproduce the elementary nucleon-nucleon cross sections. They are similar to the ones in UrQMD [10] . ing ratios:
As before, there is some tension since too many Σ are produced in pp (see Figs. 3 to 5) but too few in pπ − (see Fig. 6 ), where the cross section is underestimated at √ s < 2.05 GeV. This can be somewhat compensated by increasing N * → N π, until the upper limit given by the PDG branching ratios is reached.
In contrast to Λ production, the ∆ * resonances are an important contribution to the Σ production: Reac- Fig. 7) . Contrary to the pπ
GeV. This discrepancy is hard to reconcile, because the N * contributions are already maximized within the limits of the PDG branching ratios, while the ∆ * contribution cannot be reduced without decreasing the already underestimated pπ
B. Hyperon resonances
In this work, the most important reason to look at the antikaon-nucleon cross section is to constrain the relevant hyperon branching ratios (Y * →KN, πY ). Antikaon- nucleon scatterings happen rarely in low-energy heavyion collisions, because only few antikaons are produced. However, the corresponding backward reaction is crucial: the exchange of a strange quark between a pion and a hyperon was proposed 35 years ago as a dominant antikaon production mechanism, based on kinetic theory and thermodynamics [43] :
In SMASH, this strangeness exchange is mostly modeled via hyperon resonances Y * ∈ {Λ * , Σ * }:
As known from scattering theory, interactions via resonances correspond to scattering on an attractive potential. In this regard, hyperon resonances have an effect qualitatively similar to attractive antikaon-nucleon potentials. (In contrast, kaon-nucleon scattering does not involve intermediate resonances in SMASH.) In IQMD, the dominant channel for antikaon production is BY → N NK where B ∈ {N, ∆}. [16] This would correspond to BY → BY * in SMASH and is currently not implemented. UrQMD and GiBUU do not have a BY channel either and it has not been measured experimentally. Introducing a BY ↔ BY * channel would reduce the lifetime of the hyperon resonances in the medium. It is not clear whether such a channel would increase or decrease antikaon multiplicities.
To further constrain the branching ratios given by the PDG [28] , the following cross sections measured in experiments [28, 40] are considered:
where X means "anything", denoting total cross sections. Because resonances are not sufficient to describe theKN cross sections, additional contributions have to be parametrized to constrain the branching ratios at √ s < 2 GeV:
1. an inelastic background diverging towards the threshold, 2. an elastic background, 3. charge exchange.
The parametrizations employed in SMASH for these contributions are discussed in Appendix A.
In Fig. 8 , the total and elasticK − p cross section and the contributions by the intermediate states after the first collision are shown. For instance, 'Kp' corresponds to the elastic parametrization that is given by the difference of the experimental data and the elastic contribution of the resonances, and 'Λπ', 'Σπ' correspond to the parametrized strangeness exchange. The elastic and total cross section are mostly well reproduced, until about √ s = 2 GeV, where the total cross section falls off due to a lack of resonances. By default, this cross section is reproduced in SMASH with an additive quark model, however, for simplicity this contribution is not included in the present resonance study. The totalK − p cross section has clear peaks from the Λ * and Σ * resonances, which are sensitive to the parametrizations. The Λ(1520) peak in theKN cross section at 1.52 GeV is underestimated. Increasing the Λ(1520) →KN branching ratio is unfortunately not possible without significantly deviating from the PDG values. On the other hand, the error bounds and discrepancy in the experimental cross section data at that energy leave room for adjustment.
For theK − p → Λπ 0 cross section shown in Fig. 9 , the intermediate Λ * state is forbidden by isospin. Therefore, this cross section is useful for constraining the Σ * branching ratios, without being influenced by Λ * . The background parametrization of the strangeness exchange reproduces the experimental data well, and the contribution of the different resonances sum up reasonably well to the total cross section given by the experimental data. The Σ(1660) peak is a bit too high and the Σ(1775) peak may be a bit too low; a compromise with theK − n → Λπ − data in Fig. 12 has been chosen. Similarly, theK − p → Σ 0 π 0 cross section in Fig. 10 exclusively constrains the Λ * branching ratios, because the intermediate Σ * 0 states are forbidden. Again, the strangeness exchange background and the resonance contributions are well reproduced. As for the totalK − p cross section, the Λ(1520) peak is too low, but the branching ratios of this particular resonance are tightly constrained by the PDG data.
The correspondingK − n cross sections shown in Figs. 11 to 13 only differ fromK − p in the isospin ClebschGordan coefficients, which only allow intermediate Σ * resonances. The available data are much sparser and do not constrain the strangeness exchange background parametrization. The total and elasticK − n cross section in Fig. 11 is resonably well reproduced up to 2 GeV, as are theK − n → Λπ − cross section in Fig. 12 and thē Fig. 13 . The former has a small gap at 1.7 GeV, where there are no resonances. Introducing one at that energy improves the agreement with experimental data, but there is no evidence for such a resonance, therefore we refrain from doing so. (Figs. 29 to 31 ) are dominated by the strangeness exchange background and are discussed in Appendix B. They show a Λ(1520) peak that is again too low.
Taking the cross sections discussed in this section and the PDG data into account results in the Λ * →KN branching ratios listed in Table III. Unlike theKN cross sections, the modeled KN cross sections do not absorb any kaons and do not involve the hyperon resonances. They do not constrain any branching ratios, but they do affect kinematics: For example, in IQMD they are responsible for depleting the yield in forward direction in heavy-ion collisions and changing the momentum spectra [16] . For the details of the implementation of KN reactions in SMASH, see Appendix B.
C. Meson resonances
The HADES collaboration measured a high φ/K − ratio of about 0.5 in gold-gold collisions at 1.23A GeV [3] . Since the branching ratio for the φ → K +K − decay is about 0.5 [28] , this indicates that ca. 25% of the antikaons are produced via φ decays. None of the N * and ∆ * resonances have a decay into a φ meson listed by the PDG. To produce φ within SMASH, the experimental uncertainty is exploited to introduce a speculative N * → φN decay with small, constant branching ratio for all N * beyond 2 GeV, as proposed in [17] . The branching ratio is constrained by measurements of the pp → ppK +K − , ppφ cross sections. According to the pp → K +K − cross sec- tion computed in SMASH (Fig. 14) , the main contribution to φ → K +K − production via N * resonances is at energies around √ s = 3.5 − 4.0 GeV . Unfortunately, there is no experimental data for √ s > 3.0 GeV: The cross sections have mostly been measured close to the threshold [44] [45] [46] [47] [48] .
Additional constraints of φ-resonant production are imposed by dielectron measurements of the HADES collaboration, specifically the dielectron mass distribution in proton-proton and proton-niobium collisions at E kin = 3.5 GeV [49, 50] , which resolves the peaks of many resonances. While the φ peak in pp is poorly resolved and only provides a rough upper limit (Fig. 15) , the peak in pNb constrains the φ production rather well (Fig. 16) . It is expected that the upcoming HADES gold-gold dilepton spectra will resolve the φ peak even more precisely. In SMASH, dileptons are produced during collisions via the shining method [51, 52] and the HADES pNb data has been applied to scale the N (> 2000) → φN branching ratios:
This result for the φ is larger than the value employed by UrQMD [17] . It should be noted that the only in-medium effect exerted on the φ in SMASH is collisional broadening. There may be significant additional in-medium effects on the cross sections, effectively changing the φ production branching ratio. Applying the dilepton constraints, the exclusive cross section shown in Fig. 14 is decently described by SMASH except for two underestimated data points close to the threshold. It is not clear how the non-φ contribution to the pp → ppK +K − cross section should be described. Previous studies suggested that final state interactions or a mixture of a 0 (980) and f 0 (980) resonances may play a role [47] . However, introducing an N * → f 0 (980)N branching ratio of 0.1% did not change the results in this work.
D. Momentum spectra in proton-proton collisions by HADES
The K 0 S production cross section in proton-proton collisions at E kin = 3.5 GeV as a function of transverse momentum and rapidity was measured by the HADES collaboration and compared to the GiBUU transport model [15] . The influence of the implemented KN potential was found to be negligible. To reproduce the spectra, the individual K 0 production cross sections had to be rescaled in GiBUU. This is not easily possible in SMASH, because the relevant cross sections are not directly parametrized but rather derived from the resonance properties.
The differential cross sections for K that half of the K 0 andK 0 in SMASH correspond to a K 0 S . When confronting the SMASH results with the measured differential cross sections as a function of transverse momentum for different rapidity bins (Fig. 17) and as a function of rapidity (Fig. 18) , the differential cross section is underestimated for all rapidities. Scaling the SMASH cross section up by a factor 1.5 improves the agreement with the data for all rapidities and transverse momenta, showing that the shape is reproduced. Within our production model, where strangeness in pp is produced via pp → N B * → Y N K, this underestimation is in tension with the pp → Σ + pK 0 cross section shown in Fig. 5 , which was somewhat overestimated at the energy corresponding to the HADES measurement. On the other hand, there may be other K 0 production mechanisms SMASH dilepton spectrum (lines) in protonniobium collisions at E kin = 3.5 GeV compared to HADES data [50] (points). The φ contribution (red line) and the total (black line) are shown. S at E kin = 3.5 GeV from SMASH (red band) and rescaled SMASH (gray band) compared to experimental data [15] . missing in SMASH. Furthermore, the experimental data in Fig. 5 is much less extensive and was measured before 1988 [40] , while the more recent HADES data is from 2014 [15] . However, the newer data cannot be applied to improve the branching ratios in SMASH, because the K 0 production via decays into Σ + K 0 can only be scaled via the N * , ∆ * → KΣ branching ratios, which also affect K + production. The latter is already large enough, as seen in Figs. 3, 4, 6 and 7. An increase by 50% would result in a much worse agreement with the data.
IV. STRANGENESS PRODUCTION IN HEAVY-ION COLLISIONS
In the previous section, our hadron-resonance approach was tuned to describe elementary reactions. Now we can compare it to the experimental data obtained in heavy-ion reactions, where secondary reactions and Fermi motion provide additional energy, allowing for subthreshold production of strange particles. Furthermore, resonances can act as an energy storage and can be formed in secondary collisions with the medium. They are affected by in-medium effects such as collisional broadening. In this section, the different systems studied at SIS are discussed in historical order: nickel-nickel and gold-gold by KaoS (Section IV A), and Ar-KCl (Section IV B), gold-gold (Section IV C), pion-carbon (Section IV D) by HADES. The different sizes of the systems allow conclusions about possible in-medium effects.
In SMASH, the nuclei are initialized with a WoodSaxon distribution as described in [23] . For this work, nucleon-nucleon potentials and Pauli blocking are not employed. In our preliminary studies, we found that they do not affect the multiplicities of strange particles, while consuming a lot of computational resources. To allow for Fermi motion without the potentials holding the nuclei together, the Fermi momentum of each nucleon is ignored for propagation until its first interaction. This treatment is refered to as the frozen Fermi approximation.
A. Ni-Ni and Au-Au collisions by KaoS
The KaoS collaboration measured the multiplicities of K + andK − in nickel-nickel and gold-gold collisions as a function of the number of participants A part [30] . The multiplicities for these systems with SMASH are compared to the experimental data in Fig. 19 . In the experiment, the number of participants is estimated with a Glauber model. In SMASH, it is determined microscopically: Any initial particle that scatters inelastically is assumed to be a participant. (It is important to exclude elastic scatterings, because in our simulation they are common among spectators.) The number of participants are adjusted by choosing different ranges of the impact parameter. However, the expectation value of the participant number in SMASH is below 100 even for head-on nickel-nickel collisions. To get the multiplicities of K + andK − at a participant number of about 100, the headon central collisions which have at least 98 participants were utilized.
For nickel-nickel (red bands in Fig. 19 ), the multiplicities of K + andK − from SMASH are similar to the experimental ones. There is some underestimation at low A part and an overestimation at high A part . The underestimation might be due to systematic differences in the centrality determination, which could be more prominent for small numbers of participants. The ratio agrees with the data, except for the bin with the lowest number of participants. For gold-gold (brown bands in Fig. 19 ), the agreement is good for low A part , but for higher A part the multiplicities are increasingly overestimated. This happens more drastically forK − than for K + . As a consequence, the ratio is well described for low participant numbers, but increasingly overestimated for higher numbers. The IQMD transport model, which includes repulsive kaon-nucleon and attractive antikaon-nucleon potentials, showed a similar linear rise and a similar overestimation when comparing to the Au-Au collisions measured by KaoS [16] .
Even when the magnitudes of the multiplicities N are similar, their slope is different: With SMASH, N/A part increases linearly, while the experimental data shows a plateau at large A part . In RHIC gold-gold collisions at higher energies, a stronger saturation was observed [53] which can be understood in terms of a core-corona model [54] :
At its core, the colliding system behaves like a hadron gas in chemical equilibrium. The produced multiplicities are proportional to the volume of the core, that is proportional to A part . In the corona surrounding the core, the system behaves like many independent collisions. The multiplicities are proportional to number of interactions, which scales as some function of A part between A part (participants interact once) and A 2 part (participants interact with every other participant).
Fits of the core-corona model to the centralitydependence of the experimental data suggest that for low A part , particle production from the corona dominates, while for large A part production in the core becomes more important. Qualitatively, the saturation in the KaoS data would be expected from a core-dominated production, but there is less than one kaon per collision, rendering a chemical equilibrium in the core implausible. In this regard, the ballistic production expected from the corona at low centralities is captured by SMASH, but even in central collisions the kaons are produced ballistically, which differs from the data. A similar behavior was observed with the IQMD model [16] .
The dependence of the multiplicities of K + andK − on the number of participants A part can be fitted by a power function proportional to A α part , where the power index α ∈ [1, 2] has been determined by least square regression to the SMASH results: α K + (Ni) = 1.61 ± 0.073, αK− (Ni) = 1.85 ± 0.307, α K + (Au) = 1.87 ± 0.053, and αK− (Au) = 1.93 ± 0.148, which are all larger than the experimental values listed in [30] .
From a Boltzmann fit to the transverse mass spectra, the inverse slope parameter T is calculated with SMASH for the K + s and theK − s produced in both the nickelnickel and gold-gold collisions and compared to the KaoS data [30] in Fig. 20 and Fig. 21 , respectively. Both the simulation results and the experimental data show that the inverse slopes increase with the participant number. However, it is shown in the experimental data that the inverse slopes of theK − s are lower than those of the K + s for all the centralities and both systems, which could be interpreted as a later freeze-out ofK − than K + . Meanwhile, the SMASH results show inverse slopes that are only slightly higher for K + than forK − . ForK − , the SMASH slopes are more similar to the data than for K + . Within IQMD, the kaon-nucleon potential was shown to be the main reason why the inverse slopes of the K + s are higher than those of theK − s, since the repulsive forces between the K + s and the nucleons will enhance the K + s' transverse momenta, while the attractive forces between theK − s and the nucleons will reduce theK − s' transverse momenta [16] . Compared to IQMD (where only the ∆ is implemented as a resonance andKN ↔ πY is parametrized), SMASH employs 22 hyperon resonances to modelKN scattering, which corresponds to an effectively attractive interaction. There is no repulsive kaonnucleon interaction in SMASH, which might explain the underestimation of the K + inverse slope.
In summary, the results from SMASH are in good agreement with the data for small systems and at low numbers of participants, but overestimate the kaon and antikaon multiplicities when the number of participants increases, which is similar to previous studies. This could be due to in-medium effects that are not included in SMASH. As seen in the IQMD calculations [16] , a repulsive kaon-nucleon potential can reduce the multiplicity and increase the inverse slope of kaons, while an attractive antikaon-nucleon potential would do the opposite to the antikaons.
B. Ar-KCl collisions by HADES
The dynamics of strangeness production have been investigated by the HADES collaboration [55] by measuring the transverse mass spectra of K + andK − and Λ hyperons in Ar-KCl collisions. For the simulations with SMASH, KCl was approximated by averaging the number of neutrons and protons, which corresponds to Ar-37.
To illustrate how strangeness production in this system proceeds in SMASH, Fig. 22 shows the reaction rates for the different strangeness production channels, averaged over 58 800 000 events. In the beginning of the collision, strangeness production via N * and ∆ * decays into hyperons and kaons dominates. At about 5 fm/c, the backward reactions, indicated by the left pointing triangles, kick in. For N * and ∆ * , they are dominated by the forward reactions, but for Σ * decaying into Λs and pions, the backward reactions are dominant. This changes at 12 fm/c, where the forward reactions are more numerous. They persist until about 30 fm/c, while the strangeness production via N * and ∆ * ends after approximately 16 fm/c. Looking at the absolute rates for each channel over the whole evolution of the heavy-ion collision reveals that N * and ∆ * are responsible for producing kaons, while the meson decays do not have a significant net contribution. As discussed in Section III C, φ mesons are produced via the decay of (heavy) N * resonances. The φ decays are an important source of antikaons, while their contribution to kaon production is insignificant compared to the dominating channels. Hyperon decays also produce a significant amount of antikaons, while the parametrized strangeness exchange channels effectively absorb them.
In Fig. 23 , the HADES m T spectra for strange particles in different rapidity windows are compared to SMASH simulations. For the kaons and antikaons, the slopes are similar to the experimental data, but the production is underestimated. For the Λ hyperons, the underestimation is worse and the slope is steeper in SMASH compared to the data.
There are at least the following possible reasons for this underestimation:
1. As shown in Section III A, the elementary exclusive Λ production is reproduced. On the other hand, the pp → Λ anything cross section (see Fig. 24 ) is • too low, because Λ production channels with more than three particles in the final state are missing.
2. SMASH does not have any πN → ΛπK, ΛππK cross sections. Within the resonance approach taken here, these could be emulated by introducing N * → ΛK * , Λ * K decays, but such decays have not been observed. tials and kaon/antikaon self-energies, may affect strangeness production [16] .
C. Au-Au collisions by HADES
After looking at intermediate-sized systems, it is of interest to consider larger systems, because they are more strongly affected by secondary reactions and possibly other in-medium effects, as listed at the end of the previous section. Such a system has been investigated by the HADES collaboration by measuring the transverse mass spectra in Au-Au collisions at E kin = 1.23A GeV for kaons, antikaons and φ mesons [3] . As before, it is instructive to take a look at the reaction rates shown in Fig. 25 , which are averaged over ca. 20 000 000 events. They are similar to the ones observed in the smaller ArKCl system (Section IV B): N * and ∆ * decays dominate the kaon production, while hyperon and φ decays are responsible for the antikaon production. The backward reactions start at a similar time of ca. 6 fm/c, but the production via N * and ∆ * stops later at about 25 fm/c. The break-even point for Σ * ↔ Λπ is at about 21 fm/c, which is significantly later than for the smaller system. Production via Σ * persists until much later times for ca. 45 fm/c. There is a jump at the last time step, because all unstable particles are forced to decay at the end of the simulation. As before, the non-resonant strangeness exchange (see Fig. 25 ) absorbs antikaons.
When comparing φ multiplicities to experimental data, it has to be taken into account that only φs decaying into K + K − can be reconstructed and only if the decay products do not rescatter afterwards such that they decorrelate. As an approximation when comparing results from SMASH to the data, only φs decaying into K + K − which do not rescatter are considered. The φ/K − ratio given by HADES is rescaled by the φ → K + K − branching ratio. This rescaling is also applied to the φ multiplicity reconstructed from SMASH.
Comparing transverse mass spectra in SMASH to the HADES data in Fig. 26 shows a dependency on the rapidity window: For large rapidities SMASH is in good agreement with the experimental data for K + and to a limited extent φ, but the agreement gets worse for midrapidity, where strangeness production is overestimated by SMASH. This effect was not visible when comparing to the smaller Ar-KCl system (where K + was underestimated), suggesting that SMASH is missing a strangenesssuppressing in-medium effect important in larger systems such as Au-Au. TheK − production is strongly overestimated for all rapidities, in stark contrast to the Ar-KCl results where it is slightly underestimated, again hinting at a strangeness-suppression mechanism missing in SMASH.
However, the φ/K − ratio in SMASH is very similar to the one measured by HADES [57] (ca. 0.5) and the trend for higher energies per nucleon agrees with other experiments measuring smaller systems, see Fig. 27 .
The same data has been studied by other transport models, with comparable results: A calculation employing GiBUU extended with Hagedorn resonances and a strangeness suppression factor was able to obtain a good agreement with HADES for the m t spectra integrated over rapidity, with a slightly worse φ/K − ratio of ≈ 0.8 [19] . The UrQMD approach (where the N * → N φ channel was first introduced) managed to predict the φ/K − ratio [17] . 
D. Pion beam by HADES
The HADES collaboration has measured transverse momentum spectra of kaons and Λ baryons in π − -C and π − -W collisions. This is a very interesting system for a resonance approach as exercised in SMASH, because it is more sensitive to the πN branching ratios than the usual N N collisions. As the HADES results have not been published so far, we only show predictions.
At midrapidity, the p T spectrum of K + from SMASH ( Fig. 28 ) is consistent with a Boltzmann distribution with a temperature of about 87 MeV. Such a Boltzmann shape of a p T spectrum is typical for heavyion collisions at midrapidity. In contrast, at higher rapidities an unusual two-peak structure emerges. Plotting the separate resonance contributions to the K + spectra in Fig. 28 , we demonstrate that the peak at low p T is from φ decays, while the peak at high p T is from N * and ∆ * decays. At midrapidity, only the (N * , ∆ * ) peak is present.
Two features of the SMASH model might be responsible for the two peak-structure:
1. In SMASH, high-energy resonances usually decay into only two particles. This allows to maintain detailed balance, but may lead to an overstimated p T of the decay products, because there should more particles in the final state. The introduction of more decays with more than two particles in the final state would populate lower transverse momenta. On the other hand, such decays of N * and ∆ * are rarely measured and their branching ratios are not well constrained. 
The ratio of the multiplicity of the mid-rapidity φ to the multiplicity of the mid-rapidityK − obtained in gold-gold collisions with the impact parameter b < 3.4 fm at different collision energies compared to the experimental data obtained from different beam energies and systems [3, 31, 58] .
SMASH are isotropic. More realistic angular distributions might move the products of N * and ∆ * decays to higher rapidities and lower transverse momentum, assuming the total number of collisions is small enough not to isotropize the fireball.
In any case, the upcoming HADES pion beam data will provide very helpful constraints for the resonance model applied here.
V. SUMMARY AND OUTLOOK
Strangeness production in heavy-ion collisions at SIS energies has been analyzed with a hadron-resonance approach. Elementary cross sections (inclusive and exclusive) have been applied to narrow down the otherwise poorly constrained branching ratios of N * , ∆ * and hyperon resonances. The experimental data on cross sections was found to be insufficient to constrain the φ production, which has been remedied by considering dilepton spectra from proton-niobium collisions. Without further tuning of the parameters, SMASH has been compared to strangeness production in intermediately sized (Ni-Ni, Ar-KCl) and large (Au-Au) systems. For the intermediately sized systems, there is a rough agreement with the data, while for large systems the agreement was only good for low participant numbers or high rapidities, hinting at strangeness suppressing in-medium effects missing 
pT spectra of the average K + s produced in ca. 620 000 000 pi − C collisions at E kin = 1. in SMASH. Predictions for the upcoming HADES pionbeam results have been shown, demonstrating a high sensitivity to the resonance properties in the model.
The resonance approach discussed here lays the foundation for future studies at higher energies with string fragmentation and an additive quark model, while the resonances are employed for low energies. It is also planned to look at strangeness production applying local forced thermalization [59] in conjunction with the resonance approach. Meanwhile, a hyperon-nucleon potential [60] based on the qualitative features of a chiral effective theory at the next leading order will also be implemented in the future. Finally, studies to utilize a Bayesian fit [61] instead of the manual tuning of the branching ratios are in preparation. TheKN cross sections have a non-resonant background that has to be parametrized. In this section, the parametrizations employed by SMASH for these contributions are described.
The first contribution is an inelastic background diverging towards the threshold. In this approach, the same parametrization as in UrQMD [18] is used. It is fitted to the exclusive 
where A and B are free parameters. To better reproduce the experimental threshold, different parameters than in [18] are employed for K − p → Λπ 0 and K − p → Σ 0 π 0 . For the other two reactions, the same parameters are used (see Table IV ). Assuming isospin symmetry and detailed balance, the background parametrization for the backwards reactions πY →KN can be calculated. It can be seen in Figs. 8 to 10, 29 and 30 that the threshold of the total and exclusiveKN cross sections is well described.
Resonances are not sufficient to reproduce the elastic K − p cross section. Similar to the pp cross section, it is necessary to parametrize the experimental data. To get rid of the noise, the PDG data [28] is smoothed with the LOWESS algorithm [62, 63] and linearly interpolated. If there is more than one measurement for one energy, the average is taken. Additionally, the elastic contribution of hyperon resonances (K − p → Y * → K − p) has to be considered and subtracted from the parametrization. The result can be seen in Fig. 8 , where the elastic cross section is perfectly reproduced.
For the charge exchange K − p ↔K 0 n and for K − n → K − n, the same parametrization as in GiBUU [13] is employed for the non-resonant background. While this affects kinematics rather than strangeness production, it still has to be considered when tuning the branching ratios to the totalKN cross sections (Figs. 8 and 11) .
To reproduce the total K − p cross section for √ s > 2 GeV, channels with more than two final-state particles can be taken into account. In [13] this was done by implementing anKN → Y * π process with constant matrix element for hyperon resonances Y * . This contribution is currently not implemented in SMASH, because it is not important for low-energy heavy-ion collisions and does not help to constrain the Y * branching ratios due to the uncertainty of the matrix element.
Appendix B: KN cross section
For heavy-ion collision, the KN cross section is important as a mechanism to transfer momentum from the medium to the kaons [16] . The kaon multiplicity is not affected, except for the K + n ↔ K 0 p charge exchange. In that regard, it is important to reproduce the total cross [40] . section correctly, but the exclusive cross sections are not as crucial.
Like in GiBUU [13] , a parametrization of the experimental data for the elastic K + p cross section [28] is employed. Assuming the scattering amplitudes for isospin I = 1 are much larger than for I = 0, the elastic and charge-exchange cross sections are related by the following identity:
In GiBUU the factor 1 2 is taken instead. The factor 1 4 is derived in Appendix C.
For the inelastic K + N cross section, the experimental data is smoothed like for K − p and the elastic and charge-exchange contributions are subtracted. (To reproduce the peak at √ s = 1.87 GeV in K + n, the outlier in the experimental data was ignored, see Fig. 34 .) The remaining inelastic cross section is assumed to entirely produce KπN . Unlike GiBUU, we assume that this production happens via K∆, so that the backwards reaction is still possible without having to implement 3 → 2 reactions, maintaining detailed balance. The K 0 N cross sections are derived from the K + N cross section by assuming isospin symmetry.
This adequately reproduces the total and elastic KN cross sections (Figs. 32 and 34 ), but it is not designed to reproduce the exclusive cross sections. They have been measured in experiment [40] : (Fig. 33) , the data is reproduced for √ s < 1.85 GeV, but above that energy, the experimental cross section falls off while our parametrization still increases. The K + p → ∆ + K + parametrization is identical and has the same issues (not shown). This suggests that reactions with more pions in the final state have to be considered. Finally, the K + n → pπ − K + cross section is not well reproduced either (not shown).
The observed discrepancies demonstrate that the assumptions about the KN cross section do not work well for the exclusive cross sections. However, this is not considered important for the systems studied in this work, because the main motivation for the KN cross section is the momentum transfer from the nuclear medium to the kaons, which is mostly affected by the total, not the exclusive cross sections. [40] . The parametrization used in SMASH was not designed to reproduce this cross section.
isospin I and its projection I 3 are relevant:
Assuming isospin symmetry, the scattering matrix elements only depend on I. For the interacting part of the HamiltonianV , the following scattering amplitudes are [28] .
